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1 Present address: Schepens Eye Research Institute BWhen a pattern of broad spatial content is viewed by an observer, the multiple spatial components in the
pattern stimulate detecting-mechanisms that suppress each other. This suppression is anisotropic, being
relatively greater at horizontal, and least at obliques (the ‘‘horizontal effect”). Here, suppression of a grat-
ing by a naturalistic (1/f) broadband mask is shown to be larger when the broadband masks are tempo-
rally similar to the target’s temporal properties, and generally anisotropic, with the anisotropy present
across all spatio-temporal parings tested. We also show that both suppression from within the region
of the test pattern (overlay suppression) and from outside of this region (surround suppression) show
the horizontal-effect anisotropy. We conclude that these suppression effects stem from locally-tuned
and anisotropically-weighted gain-control pools.
 2010 Elsevier Ltd. All rights reserved.1. Introduction
Visual processing of images that contain a broad spectrum of
content (e.g., 1/f or natural scenes) is anisotropic (Essock, DeFord,
Hansen, & Sinai, 2003; Essock, Haun, & Kim, 2009; Hansen &
Essock, 2004; Hansen & Essock, 2005; Hansen & Essock, 2006;
Hansen, Essock, Zheng, & DeFord, 2003). When viewing broadband
images, people ﬁnd oblique content to be much more salient and
horizontal content to be least so, with vertical content intermedi-
ate. Similarly, thresholds for oblique content in broadband images
are lowest and thresholds are highest for horizontal content. There
is strong evidence that this ‘‘horizontal effect” is due to anisotropic
contrast gain control that provides less suppression at oblique ori-
entations and most suppression at horizontal (e.g., Essock et al.,
2009). When a grating pattern is viewed in isolation, without a
broadband background to drive the anisotropic gain-control mech-
anism, oblique content is seen least well (the ‘‘oblique effect”).
Although the contrast response function for a grating (i.e., from
threshold vs. contrast (TvC) functions) is equivalent at all orienta-
tions once beyond the near-threshold region where the oblique ef-
fect is observed (Essock et al., 2009), when a broadband mask is
present the effect of anisotropic gain-control suppression is ob-ll rights reserved.
).
oston MA.served in the TvC functions for different orientations (Haun & Es-
sock, in preparation).
In the present study we again use 1/f random-phase noise to
simulate the spatial context of viewing natural scenes. Here, we
measure its masking effect at different orientations in speciﬁc spa-
tio-temporal conditions in order to probe different detecting-
mechanisms. We ﬁrst consider the correspondence between the
temporal characteristics of the target and (broadband) mask in
the production of the anisotropy – speciﬁcally, whether a high-
speed (temporally ‘‘transient”) broadband pattern will anisotropi-
cally mask a low-speed (temporally ‘‘sustained”) test grating, and
vice versa. Snowden (2001); Hammett & Snowden, 1995) has
shown the importance of the matching of temporal properties of
test grating and a grating mask (i.e., narrowband mask), showing
that masking is much stronger when a test grating with ‘‘sus-
tained” temporal characteristics is masked by a sinewave mask
also with ‘‘sustained” temporal properties (and likewise for ‘‘tran-
sient” tests and masks). Furthermore, Snowden (2001) has shown
that in one case this masking is temporally sustained, occurring
throughout the presentation of the mask, and in the other case
the masking occurs at the temporal transients of mask onset and
offset. In addition, studies employing a temporally-modulated nar-
rowband mask have delineated temporal tuning of at least two
mechanisms (Mandler & Makous, 1984; Fredericksen & Hess,
1998; Fredericksen & Hess, 1999; Anderson & Burr, 1985; Bex,
Verstraten, & Mareschal, 1996; Boynton & Foley, 1999; Cass &
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greater when tests and masks are rather similar temporally than
when they are very different (however, see Boynton & Foley,
1999). Assuming that broadband masking behaves like masking
by a single grating, these prior results suggest that strongest broad-
band masking should also be seen when the spatial and temporal
properties of a test and mask both strongly stimulate the same
mechanism. If for test targets with very different spatio-temporal
properties, masks with different temporal properties are differen-
tially effective, multiple relatively-local gain-control pools would
be indicated, raising the issue of whether all such pools are aniso-
tropically weighted. In the ﬁrst experiment, we assess whether
detecting-mechanisms widely-separated on the spatial–temporal
surface have distinct gain-control pools that show a horizontal-ef-
fect anisotropy.
A second issue addressed in this study was the nature of this
anisotropy with respect to distinctly different types of suppression.
Several authors have distinguished between suppression from a lo-
cal region overlapping the test, termed ‘‘overlay” suppression, and
‘‘surround” suppression coming from within an annular region not
covering the target location (Meese, Summers, Holmes, & Wallis,
2007; Petrov, Carandini, & McKee, 2005; Yu, Klein, & Levi, 2003).
In our prior studies on the horizontal effect, we’ve considered a
more general, ‘‘every-day”, viewing situation where the spatial
context is broadband, the pattern is centrally viewed, and the
broadband mask covers a fairly large region (as when viewing a
real-world object). That is, both the overlay and surround regions
(of several spatially-distributed detectors) are covered by the
broadband spatial context in the real-world and also by the 5–
10 stimuli used previously in demonstrating the horizontal effect.
In the second experiment, we consider whether this anisotropic
masking comes from surround suppression, overlay suppression,
or both, and whether either type of suppression mechanism occurs
exclusively with either temporal transients or sustained
presentations.
The goal of these experiments was to determine whether the
horizontal effect could be localized to particular masking mecha-
nisms. Our ﬁndings indicate that where signiﬁcant broadband
masking can be measured, by whatever presumed mechanism, a
horizontal effect will also be observed. Thus, in general every-day
viewing, the horizontal effect: is driven by contextual spatial struc-
ture similar to a particular ﬁlter’s spatial and temporal tuning; is
present for a range of spatial and temporal ﬁlters; and exists in
both surround and overlay suppression.2. Methods
2.1. General
A 1/f broadband noise spatial pattern was used to mask a grat-
ing target, and each mask and target was presented with either
ﬂickered (temporally-transient) or gradual (temporally sustained)
temporal characteristics. The spatial frequency of the test grating
was either ‘low’ (1 cpd at the fovea) or ‘high’ (8 cpd at the fovea).
Masking was compared at horizontal, vertical and oblique orienta-
tions to evaluate the magnitude of the anisotropy (‘‘horizontal
effect”) of suppression.
The conﬁguration of the stimuli used in the experiments is
shown in Fig. 1. Essentially, we tested with our ‘‘general-viewing”
conditions in Experiment 1 (large broadband mask and test patch,
foveal viewing) and evaluated temporal properties of the anisot-
ropy; then in Experiment 2, stimulus sizes, conﬁgurations, and
eccentricities were altered to evaluate the potential anisotropy of
overlay suppression (Experiment 2.1) and surround suppression
(Experiment 2.2) using conditions typical for evoking those twotypes of suppression (a smaller test patch and associated overlaid
mask or contiguous annular mask).
2.2. Procedure and stimuli
2.2.1. Procedure
Each experiment used a 40-trial two-interval forced-choice
(2IFC) QUEST procedure to estimate the 82%-correct contrast
threshold for Gaussian-windowed sinewave grating targets (Ga-
bors). Each trial consisted of two intervals, both containing an
identical mask. One interval (randomly selected) also contained
the target presented concurrently with the mask (see Fig. 1, right
column). Both intervals contained either identical noise mask
images or, in the baseline condition, an unpatterned mean-lumi-
nance background. (Thus except for the baseline condition, observ-
ers discriminated between the pattern in the middle column and
the pattern in the column to the right in the same row, presented
in the two intervals.) The subjects were asked to ﬁxate a small cir-
cular centered spot present between trials and during the ISI (a 2-
pixel-wide ring with an outer diameter of approximately 0.13). In
Experiment 1 targets were viewed foveally, whereas in Experiment
2 targets were either viewed foveally or at 2 to the left of ﬁxation.
2.2.2. Temporal properties
The two intervals of each trial were separated by a 500 ms ISI,
with trial duration depending on the temporal properties of each
condition. Two temporal conditions were used: a ‘‘ﬂickered” condi-
tion consisting of 16.7 Hz (12 frames per cycle) sinewave modula-
tion windowed by a slow envelope, and a ‘‘gradual” condition
consisting of a static pattern windowed with the same envelope.
The envelope was either a slowly-ramped onset and offset (Exper-
iment 1; see Fig. 2a) or a Gaussian envelope (Experiment 2; see
Fig. 2b). The ramped waveform was 560 ms in duration (100 ms
linear ramp from zero to nominal contrast, 360 ms plateau, and a
100 ms linear ramp to zero contrast). The Gaussian temporal enve-
lope had a full width at half height of 400 ms (r = 170 ms). Thus,
the ‘‘ﬂickered” and ‘‘gradual” stimuli had the same temporal enve-
lope and the same peak contrast, but different time-averaged con-
trast (because the ‘gradual’ presentation was static rather than
temporally counterphased).
2.2.3. Test stimuli
The grating target was presented at either 0, 45, 90, or 135
clockwise from vertical. Target size (the width of the Gaussian win-
dow) was varied according to the demands of each condition: full
width at half height of the target was 2 in Experiment 1, 1 in
Experiment 2.1 and was k
p
e/
p
2 in Experiment 2.2 (where k is
the wavelength of the grating). Target spatial frequencies were 1
or 8 cpd at ﬁxation, and .6 or 4.8 cpd at 2 eccentricity.
2.2.4. Mask stimuli
The masks consisted of oriented broadband noise with the band
of orientations present centered at the same orientation as the test
grating. The spatial-frequency band used was four octaves, includ-
ing spatial frequencies from 1 to 16 cpd, and the orientation band-
width was 15. The 384  384-pixel mask images were created by
inverse Fourier transform of 1/f amplitude spectra, with random
phase coefﬁcients generated on each trial (but the same on the
two intervals of a single trial), and multiplied by a rectangular
bandpass ﬁlter in orientation (see Essock et al., 2003 or Hansen &
Essock, 2003 for more details). The spatial aspects of the mask dif-
fered depending upon experimental condition (see below). Con-
trast of the mask in all conditions was set so that the standard
deviation of normalized pixel luminances (ranging from 0 to 1),
or root-mean-square contrast, was 0.10.
Fig. 1. Examples of the test target (left column), broadband oriented 1/f noise mask (middle column), and combined target andmask (right column) are shown, all rendered at
the same scale. In the two intervals of a 2IFC trial, subjects had to discriminate between the stimuli in the middle and right columns (except on ‘baseline’ conditions, when
there was no mask at all). The mean-luminance monitor screen surrounding the stimuli was truncated by a large circular window (usually 5) and is shown to scale indicated
by the extent of these circular patches. Row ‘a’ shows an example of the stimuli for Experiment 1. Panel ‘b’ shows an example for Experiment 2.1 with the upper row showing
the overlay mask and the lower row showing the surround mask condition. Row ‘c’ shows an example (8 cpd target at ﬁxation) of the stimuli for Experiment 2.2.
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The stimuli were displayed on a monochrome M21LMAX Image
Systems, Inc. CRT monitor (white P104 phosphor). A video attenu-
ator (built by Vision Research Graphics, Inc.) was used to present a
linear luminance range providing a grayscale resolution greater
than 212 luminance levels. Matlab 7.4, with the Psychophysics
Toolbox extensions, was used to design the experiments and pres-
ent stimuli. Mean luminance of the display was 30 cd/m2, resolu-
tion was set to 800  600 pixels, and refresh rate was 200 Hz.
Viewing distance was 1.92 m in Experiments 1 and 2.1. In Experi-
ment 2.2, viewing distance varied with target spatial frequency
(see below). Stimuli were viewed in a darkened room through a
5-diameter circular aperture in a large circular surround 27 in
diameter (when viewed from 1.92 m) afﬁxed to the monitor
(which obscured the monitor bezel and other nearby contours).2.2.6. Observers
There were three observers in each experiment. One of the
authors and a second observer participated in all three experi-
ments and three additional observers each participated in one
experiment. All subjects except for the one author were naive to
the purpose of the experiments. All subjects had normal resolution
acuity at all meridians and wore any necessary optical correction.
Subjects in all experiments provided informed consent as approved
by the University of Louisville’s IRB.
2.3. Statistical analysis
For each experiment (Experiments 1, 2.1 and 2.2) a 4-factor re-
peated-measures ANOVA was applied to the full set of suppression
data obtained (see below). In Experiment 1 the four factors were:
Fig. 2. (a) Two types of temporal envelope, characterized as gradual (ramps and plateau) or ﬂickered (16.7 Hz sinusoid) were used to modulate the contrast of the test and
mask stimuli. (b) The temporal envelopes used in Experiment 2 are shown. (c) A summary of the testing conditions used in all experiments is shown. For either the gradual or
ﬂickered test target, the mask either matched, mismatched, or was blank (baseline). In Experiment 2, a Gaussian temporal envelope was used rather than the ramp-plateau
envelope of Experiment 1 that is shown in ‘c’.
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matched test and mask (2)  test orientation (4). In Experiment
2.1 the four factors were: high-speed/low-speed test (2) mask
conﬁguration (2) matched/mismatched test and mask (2)  test
orientation (4). In Experiment 2.2: high-speed/low-speed test (2) 
eccentricity (2) matched/mismatched test and mask (2)  test
orientation (4). When the interactions and/or main effects were
signiﬁcant, orientation differences were pursued further with
planned contrasts comparing suppression at horizontal to suppres-
sion at oblique orientations (i.e., 45 and 135 combined). All infer-
ential statistics were performed with SPSS version 14.0.3. Experiment 1: anisotropies in temporally-distinct masking
pools
Experiment 1 investigated anisotropic (horizontal effect) mask-
ing by a broadband mask with respect to temporal properties. We
evaluatedwhether broadbandmasking, and speciﬁcally anisotropicmasking, is observed for both gradual and ﬂickered test gratings at
both low and high spatial frequencies, and whether this broadband
masking is temporally tuned (i.e., whether both gradual and ﬂick-
ered masks only inﬂuence tests with corresponding temporal
properties).
Fig. 2a shows the gradual or ﬂickered temporal waveforms used
to modulate the contrast of the test and mask stimuli. Test stimuli
were sinewave gratings, either 1 or 8 cpd, Gaussian windowed to a
2width at half height at one of four orientations (0, 45, 90, 135
clockwise from vertical), presented foveally. The test grating was
presented with either a gradual or a ﬂickered temporal pattern.
Each of these four stimuli was masked by either the (5 diameter)
noise mask with a gradual or ﬂickered temporal pattern, or by no
mask (i.e., baseline condition) as shown in Fig. 2c.
3.1. Results and discussion
Contrast thresholds for the grating target presented with a
gradual temporal waveform are shown in Fig. 3a and target thresh-
Fig. 3. (a) Contrast thresholds for gradual 1 and 8 cpd test targets at each of four orientations obtained in the presence of either a gradual, or ﬂickered mask, or no mask
(baseline). Threshold is expressed in decibels relative to 0.1% contrast. The average of the three subjects is shown in the top row. Error bars are ±1 standard error of the group
mean. Individual data are shown in the lower three rows (±1 standard error of the mean of the six replications is shown). (b) Same as ‘a’ but thresholds are for ﬂickered
targets.
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Fig. 3b. All individual data are shown, with means shown in the top
row of the ﬁgure. As to be expected, the baseline (no mask) condi-
tion shows an oblique effect of contrast threshold at the higher
spatial frequency (i.e., highest thresholds are at oblique orienta-
tions). However, masked contrast thresholds are seen to be highest
when the test is horizontal for every subject in most every condi-
tion. To show the effects of the 1/f noise masks more directly, sup-
pression factor was calculated (masked/unmasked thresholds) and
is shown in Fig. 4. When the temporal properties of the test and
mask match, suppression is very strong, as high as a factor of
19.0, and when the test and mask do not match, suppression is
weak or absent, averaging 1.8 (match/mismatch main effect:
F(1, 2) = 144.34, p = .007). Suppression is clearly anisotropic (orien-
tation main effect: F(3, 6) = 40.53, p = .000) following a horizontal
effect pattern with suppression for horizontal targets signiﬁcantly
greater than for oblique targets (planned contrast, F(1, 2) = 43.71,
p = .022). Table 1 shows the suppression factors obtained at each
orientation in each condition. To provide a metric of the horizontal
effect, an index, Horizontal Effect Index (HEI), was created to ex-
press the horizontal effect in suppression factor as a proportion
of the general amount of suppression (taken as suppression at obl-
iques) in a given condition. HEI was calculated as the difference of
suppression factor at horizontal and oblique orientations divided
by the suppression factor for obliques (HEI = (SFh  SFob)/SFob).
These HEI values are shown under each corresponding histogram
in Fig. 4, where the HEI can be seen to vary between 0.04 and
1.44 indicating that suppression at horizontal is 4–144% greaterthan suppression at obliques. That is, suppression at horizontal
can be very much larger than suppression at obliques – as much
as 2.5 times larger in certain conditions. The HEI (Fig. 4) shows that
the horizontal effect is observed broadly across these spatio-tem-
poral conditions.
With respect to spatial frequency (for matching tests and
masks), consistent with prior reports using grating masks (e.g.,
Hess & Snowden, 1992), with the ﬂickered test, suppression is far
greater at the lower (1 cpd) spatial frequency than at the higher
spatial frequency (an average of 7.6 and 2.3, respectively) whereas
with the gradual test, suppression is greater at the higher (8 cpd)
spatial frequency than the lower spatial frequency (10.9 and 7.0,
respectively). Follow-up analysis of the signiﬁcant match/mis-
match  spatial frequency  temporal rate interaction
(F(1, 2) = 60.21, p = .016) showed that this observation of temporal
rate interacting with spatial frequency was signiﬁcant when test
and background match (F(1, 2) = 42.07, p = .023), but not when
they don’t match (F(1, 2) = .288, N.S.). Strong suppression is seen
at both the most low-speed (i.e., gradual, high spatial frequency)
and high-speed (ﬂickered, low spatial frequency) conditions. For
the gradual test grating with the gradual mask, although much re-
duced from the 8 cpd, optimal, condition, there is also clear sup-
pression at the lower spatial frequency (1 cpd), suggesting a
relation of suppression magnitude to contrast sensitivity. Here,
with a gradual presentation, the spatial contrast sensitivity func-
tion is bandpass (i.e., better contrast sensitivity at 8 cpd, but still
high at 1 cpd), whereas with a rapidly ﬂickering presentation, the
contrast sensitivity function is lowpass. Indeed, the amount of sup-
Fig. 4. Suppression factor (the ratio between masked and unmasked threshold) is shown for mean thresholds (top row of Fig. 3). Values greater than 1.0 indicate masking. The
individual subjects’ standard errors were calculated in terms of Gaussian error propagation (Lo, 2005) and the mean of these standard errors are shown. The magnitude of the
horizontal effect, Horizontal Effect Index (HEI), is indicated under the histogram bars for each condition (the difference in suppression at horizontal and at oblique
orientations expressed as a proportion of the general level of suppression at that test condition).
Table 1
Mean suppression factors obtained at each orientation in each condition.
Exp. 1 Gradual test Flickered test
Flickered mask Gradual mask Flickered mask Gradual mask
Vert. 45 Hori. 135 Vert. 45 Hori. 135 Vert. 45 Hori. 135 Vert. 45 Hori. 135
1 cpd test 1.77 1.79 2.75 1.62 5.71 7.08 8.72 6.44 5.89 6.87 10.28 7.39 1.04 1.17 1.42 1.18
8 cpd test 2.79 2.13 4.01 1.70 9.16 8.01 18.96 7.54 2.03 2.09 3.21 1.92 1.29 1.51 1.49 1.35
Exp. 2.1 Overlay mask Surround mask
Flickered mask Gradual mask Flickered mask Gradual mask
Vert. 45 Hori. 135 Vert. 45 Hori. 135 Vert. 45 Hori. 135 Vert. 45 Hori. 135
Flickered 1 cpd test 10.01 9.28 12.07 9.47 0.92 0.90 1.00 0.99 1.07 1.12 1.17 1.15 0.99 0.99 1.04 0.97
Gradual 8 cpd test 1.80 1.51 2.32 1.51 9.96 6.63 12.53 6.99 0.93 0.88 1.06 0.95 0.94 1.02 1.01 0.87
Exp. 2.2 Surround mask
0 Eccentricity 2 Eccentricity
Flickered mask Gradual mask Flickered mask Gradual mask
Vert. 45 Hori. 135 Vert. 45 Hori. 135 Vert. 45 Hori. 135 Vert. 45 Hori. 135
Low s.f. ﬂickered 1.03 1.05 1.17 1.02 1.02 1.02 0.99 1.05 1.48 1.71 2.58 1.48 0.99 0.97 1.06 0.91
High s.f. gradual 0.96 1.09 1.24 1.11 1.11 1.17 1.22 1.07 1.27 1.15 1.34 1.19 1.51 1.17 2.66 1.36
2 A control experiment with a very long (2-s) Gaussian envelope, and hence a
narrower temporal frequency spectrum, gave comparable results (suppression
factors) as with the slowly ramped envelope used here.
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sitivity – suppression ratio approximates a constant factor of con-
trast sensitivity (here, 8.2%), which ﬁts well with a divisive gain
control account of this suppression.
Suppression is highly speciﬁc, as noted above, and the magni-
tude of suppression of a ﬂickered target by a gradual mask, or of
a gradual target by a ﬂickered mask, is far less than when the test
and mask match in temporal properties. The suppression in these
‘‘mismatched” conditions is a factor on the order of 1.2–2.7 (ﬂick-
ered test: 1.2 and 1.4; gradual test: 2.0 and 2.7, for 1 and 8 cpd,
respectively). This residual suppression indicates that for a given
mechanism detecting a target, the associated masking process istemporally selective but broad enough that it still receives some
input at the temporal values of a ‘‘mismatched” mask, in the ‘tails’
of its tuning function.2 This ﬁnding is consistent with the temporal
tuning of the gain-control pools demonstrated previously for grating
masks (e.g., Hess & Snowden, 1992; Fredericksen & Hess, 1998).
In sum, these results show that the effect of a 1/f broadband
noise mask is selective (tuned) in the temporal domain. In terms
of gain-control processes, these results show that there are sepa-
Fig. 5. Data from Experiment 2.1. Mean contrast thresholds for the ﬂickered 1 cpd or gradual 8 cpd test (top row and bottom row, respectively) presented with either an
overlay mask (left side) or surround mask (right side) that itself was ﬂickered (left columns) or gradual (middle columns), or absent (right columns).
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siderably in spatio-temporal values and each of these pooling pro-
cesses is anisotropic, showing a horizontal effect.4. Experiment 2: anisotropic overlay and surround suppression
At ﬁxation, contrast threshold elevation is normally signiﬁcant
only for overlaid masks. However, under certain conditions, sur-
round masking is also reliably measurable at ﬁxation (e.g. Chen &
Tyler, 2002; Chen & Tyler, 2008), though it is much more pro-
nounced and easier to obtain in the periphery (Petrov et al.,
2005). Since our stimuli in these experiments (Experiment 1 and
previous studies) have been large enough to be considered at least
partially extra-foveal (they extended 2.5 or more in every direc-
tion from ﬁxation), it is possible that surround suppression as well
as overlay suppression might play a signiﬁcant role in the suppres-
sion we’ve measured to date. Thus, the anisotropy observed previ-
ously might stem from either, or both, type of suppression. In this
experiment we altered test eccentricity and spatial conﬁguration of
the mask to measure broadband masking in conventional condi-
tions for eliciting either surround suppression or overlay suppres-
sion. In Experiment 2.1 we measured at ﬁxation with the
conﬁguration to produce overlay masking and in Experiment 2.2
measured at an eccentric location with a smaller test to produce
surround masking.3 To conﬁrm this, a control condition was run with this Gaussian temporal
nvelope and a mask with spatial dimensions identical to those in the ﬁrst
xperiment, and obtained results equivalent to those of the corresponding conditions
Experiment 1.4.1. Experiment 2.1: Broadband overlay and surround masks tested at
ﬁxation
We selected two target conditions from Experiment 1 which
produced strong masking effects (low-speed [gradual, 8 cpd] and
high-speed [ﬂickered, 1 cpd]), and reproduced these stimuli with
smaller tests and with either smaller, target-sized masks (the
‘overlay mask’ condition; upper row of Fig. 1b), or annular masks
with the same outer diameter of the masks in Experiment 1 (the
‘surround mask’ condition; lower row of Fig. 1b). The inner diam-
eter of the annular masks was 2.37. To make more area available
for the annular surround, and to ‘localize’ the overlay region, thesize of the grating patch was decreased to half from Experiment
1, so at both spatial frequencies the width at half height of the
Gaussian spatial window was 1 (Fig. 1b, left column). A ﬁne 1-pix-
el ring (2.2 in diameter for Experiment 2.1; 3k
p
e/
p
2 for Experi-
ment 2.2), present in both of 2IFC intervals, surrounded the test
to decrease the observers’ spatial uncertainty (see Petrov, Vergh-
ese, & McKee, 2006; Petrov et al., 2005) as shown in Fig. 1b and
1c. We used a Gaussian temporal envelope (duration at half height
of 400 ms), that was similar in duration and temporal bandwidth
as the ramped envelope used in Experiment 1.3 Three subjects par-
ticipated in Experiments 2.1 and 2.2 (with one of the authors and
one of the naïve observers participating in both) and two other naïve
observers participating in one experiment each.
4.2. Results and discussion
4.2.1. Overall
Fig. 5 shows that thresholds were unaltered from the baseline
(no mask) condition by the surround mask (right side) but the
overlay mask (left side) is seen to have a pronounced effect on
thresholds. Suppression factors (Fig. 6, and Table 1) show that a
clear difference in amount of suppression is apparent between
overlay and surround conﬁgurations (F(1, 2) = 170.26, p = .006).
Furthermore, both conﬁguration matched/mismatched
(F(1, 2) = 632.15, p = .002) and conﬁguration matched/mis-
matched  orientation (F(3, 6) = 33.15, p = .000) interactions are
signiﬁcant.
4.2.2. Overlay mask
When temporal conditions of the overlay masks and the target
gratings matched, large threshold elevations were elicited along
with horizontal-effect anisotropies (Fig. 5, left). Suppression factors
were as high as 12.5 (Fig. 6), similar to those measured in Experi-
ment 1. However, the mismatched temporal conditions yielded lit-e
e
in
Fig. 6. Suppression factors calculated from the thresholds shown in Fig. 5. Suppression factor values greater than 1.0 indicate masking. Data for overlay masking shown at
left; surround masking shown at right. Error bars and HEI as in Fig. 4.
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ﬂickered test and gradual mask) suppression (matched vs. mis-
matched within the overlay condition: F(1, 2) = 508.88, p = .002).
For both temporally-matched overlay conditions, horizontal effect
patterns of threshold (Fig. 5) were plainly evident leading to signif-
icantly greater suppression at horizontal (Fig. 6) with an average
suppression factor of 12.30 for horizontal compared to an average
oblique suppression factor of 8.10 (planned contrasts,
F(1, 2) = 498.78, p = .002). As in Experiment 1, the largest HEI was
obtained for the gradual 8 cpd test with a temporally-matching
mask. The HEI here was 0.84, approaching the value of 1.44 ob-
tained with the larger stimulus in Experiment 1.4.2.3. Surround mask
With the surround mask, essentially no suppression was ob-
tained (Fig. 6, right, average suppression of 1.0), which for testing
at ﬁxation is consistent with prior ﬁndings (e.g., Petrov et al.,
2005). An oblique effect is obtained in the baseline condition and
is essentially unchanged by the addition of the surround mask
(Fig. 5, right).
In sum, when standard conditions to elicit overlay suppression
at ﬁxation are used, suppression is anisotropic, indicating that at
least part of the horizontal-effect anisotropy observed with a larger
ﬁxated ﬁeld (the general-viewing conditions of Experiment 1) is
due to overlay masking.4.3. Experiment 2.2: Surround masking at 2 eccentricity
Next we speciﬁcally evaluated the anisotropy of surround sup-
pression. To do this we reconﬁgured our stimuli to match Petrov
et al’s (2005) spatial conﬁguration (shown in Fig. 1c), and tested
for surround suppression at 2 from ﬁxation (and, for comparison,
at ﬁxation). In order to carefully localize an eccentric location, the
target size was made smaller. The target stimuli in this condition
were much smaller than in the original experiments (full width
at half height deﬁned as k
p
e/
p
2, leaving about 1.5 grating cycles
visible). At ﬁxation the 1 and 8 cpd grating patches (and overlaymasks) were 1.17 and 0.15 wide at half height (the 8 cpd stimu-
lus conﬁguration is shown in Fig. 1c, to scale with the stimuli for
Experiments 1 and 2.1). The annular mask consisted of the 1/f
broadband noise and was sufﬁciently large that its content could
be considered broadband (2k inner diameter, 8k outer diameter,
e.g. 2 and 8 at ﬁxation for the 1 cpd target). An overlay mask
was not used as its small size precluded it from containing a sufﬁ-
ciently broadband 1/f distribution of content within the overlay re-
gion. Target spatial frequency and stimulus size were scaled
according to the magniﬁcation factor as described by spf/
(1 + ecc/3) (Rovamon & Virsu, 1979), making the test spatial fre-
quencies at 2 eccentricity 0.6 cpd and 4.8 cpd (corresponding to
1 and 8 cpd at ﬁxation). Scaling was accomplished by changing
the viewing distance and moving the ﬁxation point, keeping the
proportions of the stimulus constant: for the 8 cpd and 4.8 cpd
tests, viewing distances were 192 and 115 cm; for the 1 cpd and
0.6 cpd tests, viewing distances were 81 and 46 cm. As in Experi-
ment 2.1, ‘low’ spatial frequency targets (1 cpd and 0.6 cpd) were
ﬂickered at 16.7 Hz, while ‘high’ spatial frequency targets (8 cpd
and 4.8 cpd) were presented with a 400 ms Gaussian temporal
envelope.4.4. Results and discussion
Results show that as in Experiment 2.1, for ﬁxated targets the
surround masks had essentially no effect on threshold (Fig. 7, left).
Suppression factor (Fig. 8, left, and Table 1) was very close to a fac-
tor of 1.0 (1 cpd: 1.1 and 1.0; 8 cpd: 1.2 and 1.1, matching and mis-
matching, respectively).
In contrast to the 0 eccentricity, when the rescaled stimuli
were viewed 2 from ﬁxation, marked masking by the surround
was present for the matched temporal-proﬁle conditions (eccen-
tricity matched/mismatched: F(1, 2) = 22.45, p = .042; a follow-
up ANOVA on the matched vs. mismatched at 2 was signiﬁcant:
F(1, 2) = 29.03, p = .033, while not signiﬁcant at 0: F(1, 2) = 2.41,
p = .261). This surround suppression showed a pronounced hori-
zontal-effect anisotropy (planned contrasts, F(1, 2) = 45.43,
Fig. 7. Data from Experiment 2.2. Mean contrast thresholds for ﬂickered low and gradual high spatial frequency targets tested at ﬁxation (left) or at 2 eccentricity (right) are
shown.
Fig. 8. Suppression factors calculated from the data of Fig. 7. Error bars and HEI as in Fig. 4.
846 Y.J. Kim et al. / Vision Research 50 (2010) 838–849p = .021; also the matched/mismatched  eccentricity orienta-
tion interaction was signiﬁcant: F(3, 6) = 16.65, p = .003) with sup-
pression factors at horizontal of 2.58 and 2.66, and at obliques of
1.60 and 1.26 for the ﬂickered low spatial frequency and gradual
high spatial frequency, respectively. There was little or no suppres-
sion in the mismatched conditions (1.0 and 1.2 and for the low and
high spatial frequencies, respectively), again showing the temporaltuning of the suppression, here surround suppression. The magni-
tude of the horizontal effect in the surround suppression demon-
strated here was again large (1.10), and, with the particular test
conditions used here, intermediate to overlay suppression at ﬁxa-
tion (0.84; Experiment 2.1) and to the large 5 stimuli (1.44) for
the higher spatial frequency, matching-background, condition
(Experiment 2.2).
Fig. 9. A replica of a pattern that can be used to demonstrate the horizontal effect (see text and supplementary material). The pattern consists of 1/f broadband noise with
contrasts incremented within a band of orientations that correspond to the longer axis of the pattern (a 45-wide orientation band with contrast weighted by a triangle ﬁlter;
see e.g. Hansen & Essock, 2006). The increment is graded as the square root of distance, diminishing from left to right from +20% at far left to +0% at far right. Spatial frequency
content ranges from 1 cpp to as high as 512 cpp, though the limit will be determined by print and display resolution.
Y.J. Kim et al. / Vision Research 50 (2010) 838–849 847In sum, surround suppression is also anisotropic. Both surround
suppression and overlay suppression will contribute to the hori-
zontal-effect anisotropy that occurs in broadband masking when
spatial stimulus conditions are appropriate, such as in viewing a
typical every-day scene.
5. Conclusions
The horizontal effect is ubiquitous. The anisotropy is seen in
conditions that produce overlay suppression and those that pro-
duce surround suppression, as well as ‘general viewing’ conditions
with a large ﬁxated ﬁeld. The anisotropy is seen at a variety of spa-
tio-temporal conditions including both high-speed and low-speed
mechanisms (i.e., relatively sustained and transient temporal
mechanisms). Thus, in the variety of conditions tested here and
in previous reports, the suppression of a spatial ﬁlter detecting
content in the context of a range of other spatial structure is stron-
gest at horizontal orientations and weakest at oblique orientations.
Comparison of the results for when the temporal properties of
the test and background match to when they are mismatched fur-
ther afﬁrms that the anisotropic suppression is caused by a process
that responds relatively locally (i.e., relatively local in the fre-
quency domain) to broadband content (e.g., Cass & Alais, 2006;
Fredericksen & Hess, 1998). When contextual structure is presentto drive numerous detectors, the pooled activity of spatio-tempo-
rally similar detectors is adequate to reveal the anisotropic nature
of this suppressive process that we show to be tuned in temporal
frequency as well as in spatial frequency and orientation (Essock,
Hansen, & Haun, 2007; Essock et al., 2009). Although similar to
the temporal tuning evoked by a narrowband mask (e.g., Boynton
& Foley, 1999), the tuned suppression demonstrated with broad-
band masks is even more clearly tied to the temporal parameters
of the test (Kim & Essock, 2010). Here we show that these rela-
tively-local gain-control pools are anisotropic, all showing a hori-
zontal effect.
Meese and Holmes (2007) have shown that overlay suppression
by an orthogonal grating (‘‘cross-orientation” masking) is very
strong at high speeds (i.e., at high temporal rates and low spatial
frequencies) and that this cross-orientation masking is absent at
low speeds (see also, Medina & Mullen, 2009; Cass & Alais, 2006;
Meese & Baker, 2008; Meese & Hess, 2004; Meier & Carandini,
2002) and that this is particularly true for monoptic suppression
(Meese & Baker, 2009). Because of the differential behavior, they
suggested that the high-speed and low-speed processes might re-
ﬂect distinctly organized channels, speciﬁcally the activity of M
and P cells, respectively. Furthermore, they suggest (Meese & Baker,
2009) that the relation of masking to speed stems from a monoptic,
subcortical mechanism and is directly based on the ratio of M- to
848 Y.J. Kim et al. / Vision Research 50 (2010) 838–849P-cell activity. Such a speed relation is not seen here in the overlay
data most likely because our broadband mask did not contain fully
orthogonal content (conﬁned here to ±7.5 from the test), although
there was some suggestion of this relation in Experiment 1. How-
ever, to the extent that speed distinguishes mediation by M and P
cell types, or to the extent that our relatively transient and sus-
tained test conditions reﬂect the activity of the cell types differen-
tially, the present results indicate that suppressive mechanisms
mediated by both cell types show anisotropic gain control. The
present results do not address how many gain-control pools exist
across the spatio-temporal surface, but do show that there are
more than two ﬁxed pools (Experiment 1) and that all are aniso-
tropic (at the spatio-temporal values tested). Indeed, it is likely
that each detecting-mechanism has its own pool (cf. Foley, 1994;
Wainwright, Schwarz, & Simoncelli, 2001), weighted anisotropi-
cally as a function of orientation.
Although one may at ﬁrst wonder if this effect might simply re-
ﬂect a bias inherent in a CRT display, for several reasons it is clear
that this anisotropy is not an artifact. First, this is a large effect that
is perceptually obvious when viewing suprathreshold structure. An
increment of amplitude of broadband structure at a given band of
orientations (e.g., see examples in Fig. 1 in Hansen & Essock, 2004,
or Fig. 1 in Essock et al., 2003) is clearly most pronounced at obli-
que orientations, least pronounced at horizontal and intermediate
at vertical. Moreover, if such a pattern is printed and rotated, this
effect is immediately seen to not be tied to the pattern’s orienta-
tion on the paper but rather to the retinal (or gravitational) coordi-
nates, showing that the anisotropy in the salience of oriented
structure is not associated with the orientation of the display (in
this case, the paper). The supplementary material provides a pat-
tern that can be printed and used to demonstrate this (Fig. 9 shows
a small version for illustrative purposes). If one prints this pattern,
it can be readily rotated providing a physically-identical pattern
viewed at different test orientations. If the pattern is ﬁrst held
without rotation, the salience of the oriented structure at the
high-contrast end (left) can be noted and when then rotated 45
a dramatic increase in the salience of the oriented structure will
be apparent. Examination of this suprathreshold oriented structure
at the high-contrast-increment end of the pattern (left, as printed)
and comparison to the observed saliency of this suprathreshold
oriented structure when the pattern is rotated to a variety of other
orientations will reveal the horizontal effect of structure salience.4
Although not as dramatic, the horizontal effect that exists at detec-
tion threshold can also be demonstrated by the printed pattern. By
carefully noting the physical point along the gradient when the ori-
ented nature of the structure is no longer clear, then comparing this
point when the page is rotated to various orientations, the threshold
difference can be approximated.
The second factor indicating that the horizontal effect is not a
stimulus artifact associated with a CRT display is that if different
stimulus orientations are produced by physically rotating the dis-
play monitor, rather than by changing the stimulus on the monitor
raster, the anisotropy of detection thresholds follows the retinal
orientation of the pattern, not the orientation of the monitor. This
control condition has been measured and reported for contrast
threshold of a grating on a broadband mask (Essock et al., 2009)
as well as detection and increment threshold for a broadband ori-
ented pattern (Essock et al., 2003). In other words, whatever effect
anisotropies inherent in a monitor’s raster have on thresholds is
vastly outweighed by this anisotropic visual bias that we report.
Third, the present experiment obtained the anisotropy at 2 retinal4 Note how the salience diminishes when a given orientation is ﬁrst viewed and
how the diminution is least at oblique orientations and most at horizontal. This initial
decline of salience is presumably due to the relatively slow nature of gain control and
its perceptual consequences (e.g., Bonds, 1991; Khang & Essock, 2000).eccentricity but not at 0 eccentricity (Experiment 2.2, for condi-
tions testing surround suppression). If the anisotropic ﬁndings
were due to an anisotropy inherent in CRT monitors, it would have
caused anisotropic performance at both retinal eccentricities as the
stimuli in both conditions were presented at the same location on
the same monitor in the same fashion (i.e., only the ﬁxation point
was changed). Finally, direct measurement of the luminance of the
bright and dark bars of the 1 cpd pattern at different orientations
on the raster show absolutely no difference at different orienta-
tions (IL1700 photometer, International Light, Inc.).
This anisotropy has pragmatic implications for interpreting re-
sults of masking experiments. Experiments intending to measure
one type of masking may ﬁnd effects of different size, or even no
measurable effect at all, at certain spatio-temporal conditions sim-
ply on the basis of whether the target is vertical or horizontal.
(Most studies on surround or ﬂanker masking have used vertical
targets (e.g. Cannon & Fullenkamp, 1993; Chen & Tyler, 2001),
Petrov et al. (2005), Petrov et al. (2006) have used oblique targets,
and Meese et al. (2007) have used horizontal targets). Another
implication of the anisotropy concerns the origin of overlay
suppression. There are suggestions that overlay suppression is an
earlier, perhaps even subcortical, type of suppression (e.g., Li,
Thompson, Duong, Peterson, & Freeman, 2006; Petrov et al.,
2005; Prebe & Ferster, 2006). In the conditions used here, an over-
lay mask causes a very strong horizontal-effect anisotropy, which
would suggest that suppression evoked by the overlay masks in
these conditions is unlikely to be dominated by a subcortical
process due to the strong orientation properties displayed. If
subcortical processes do contribute to overlay masking, then it is
very likely that an additional, second, source of overlay masking
originates in the cortex (Baker Meese & Summers, 2007; Meese &
Baker, 2008, 2009; see also Cass, Stuit, Bex, & Alais, 2009).
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